Abstract: A diatom-based transfer function was used to reconstruct water chemistry before European settlement in 55 Minnesota lakes. The lakes span three natural ecoregions, which differ in their history of land use, as well as in surficial geology, climate, and vegetation. Postsettlement trends were compared with water chemistry change reconstructed from two presettlement core sections (circa 1750 and 1800) as a measure of natural variability. Presettlement water quality changes were generally small and nondirectional in all three ecoregions. In contrast, half of the urban lakes showed a statistically significant increase in chloride, whereas 30% of urban and 30% of agricultural region lakes record a statistically significant increase in total phosphorus between 1800 and the present. These changes, which are attributed to road salt and nutrient runoff, are strongly correlated with the percentage of watershed area that is developed (residential or urban) in the case of chloride increases and the percentage of developed (metropolitan areas) or agricultural (agricultural areas) land in the case of nutrient increases. Water quality has changed little since 1800 for lakes in the forested regions of northeastern Minnesota. The few changes that are seen in this region are likely related to natural variations in climate or catchment soils.
Introduction
Human activities can have profound effects on lake ecosystems. These impacts have been widely documented in a number of limnological (Edmondson and Lehman 1981; Lewis et al. 1984; Jassby et al. 1995) and paleolimnological (Engstrom et al. 1985; Fritz et al. 1993; Hall and Smol 1996) studies of individual lakes or small clusters of lakes, as well as in a limited number of larger-scale studies that address regional trends in water quality. These large regional studies were undertaken to evaluate lake acidification (Kingston et al. 1990; Cumming et al. 1992) , forestry practices in western Canada (Laird and Cumming 2001) , or limnological change in the eastern United States attributable to multiple environmental stressors, including diverse human activities (Rohm et al. 1995; Dixit et al. 1999; Siver et al. 1999 ). Little synoptic work has been undertaken in central North America, where widespread agricultural and forestry practices, as well as mining, may have had significant impacts on aquatic ecosystems.
Minnesota is geographically diverse, and different parts of the state vary in their history of settlement and land use. Pollution is a problem in many of Minnesota's aquatic ecosystems as a result of runoff from agriculture and urban development in the southern part of the state, as well as atmospheric transport of pollutants throughout the region (Swain et al. 1992) . Paleolimnological studies have been used previously to reconstruct human impact on regional lakes (Bradbury 1975; Bradbury and Winter 1976; Brugam and Speziale 1983) ; however, these earlier studies involved qualitative, not quantitative (Charles and Smol 1994) , assessments of trophic change and included only a small selection of lakes. Moreover, strong environmental gradients characterize the state, and short-term shifts in climate have the potential to affect lake systems and hence water quality (e.g., Schindler et al. 1996; Bradbury et al. 2002) . Hence, it is important to evaluate human-induced limnological change against a background of natural environmental variability.
Only a very small number of regional paleolimnological studies have analyzed multiple lakes and multiple time intervals in evaluating human impacts on lacustrine systems (Cumming et al. 1994; Laird and Cumming 2001) . The majority have compared a single sample from presettlement times with modern conditions and assumed that the observed change is largely a result of human modification of the environment. However, it is difficult to disentangle the impact of natural environmental variability from impacts attributable directly to humans based on a simple comparison of two points in time. Here, we evaluate the magnitude of human impacts relative to natural forcing in a suite of 55 lakes from three different ecoregions of Minnesota variously affected by human activities. We compare the magnitude of twentieth century change with change over a 50-year period in the eighteenth century, before European settlement of the region. This comparison is based on a diatom transfer function developed from regional lakes (Ramstack et al. 2003) , which is used to generate quantitative reconstructions of water chemistry conditions from sediment cores.
Materials and methods

Study area
The 55 lakes in this study occur in three of Minnesota's ecoregions (Omernik 1987) : Northern Lakes and Forests (NLF), North Central Hardwood Forests (NCHF), and Western Corn Belt Plains (WCBP), as well as the Twin Cities metropolitan (Metro) region (Appendix A, Table A1 ; Fig. 1 ). These ecoregions span gradients in vegetation, precipitation, geology, and land use that run from northeast to southwest across the state. The lakes were chosen for a study on mercury deposition across Minnesota (Engstrom et al. 1999) , with the addition of five lakes from agricultural regions in southern Minnesota (those in the WCBP ecoregion). The lakes were not chosen randomly for the previous study; however, they are qualitatively representative of the larger population of lakes in each of the ecoregions.
The study lakes range in size from 5.3 to 644.8 ha, although only two of the lakes (Diamond and Wilson) exceed 200 ha (Appendix A, Table A2 ). The range of lake surface areas is similar for the Metro and NLF groups (median area = 38 and 47 ha, respectively) and only slightly larger for the NCHF and WCBP groups (median = 76 ha). Maximum lake depth for the entire data set ranges from 2.4 to 42.7 m, with WCBP lakes being somewhat shallower than those in the other three groups (median = 13.1, 10.5, 11.4, and 8.2 m for Metro, NLF, NCHF, and WCBP, respectively).
Total catchment area (excluding lake surface) for the 55 study sites ranges from 32 to 4028 ha (Appendix A, Table A2), whereas the ratio of total catchment to lake surface ranges from 1.12 to 120.8 with a median value of 5.57 and an interquartile range (IQR) of 10.74. About half of the 55 lakes receive drainage from upstream lakes within their catchments. The primary catchment, which excludes that portion of the watershed above the outflow from these lakes, ranges from 18 to 1850 ha and in most cases is less than half that of the total catchment. Additional information on the lakes can be found in Ramstack et al. (2003) and Engstrom et al. (1999) .
The NLF region is dominated by mixed conifer-hardwood forest, with only small tracts of land permanently cleared for agriculture and iron mining. Urban development in this portion of the state is limited; however, some lakeshores are lined with resorts and cabins. Most lakes are small and deep and are oligotrophic to mesotrophic (Appendix A, Table A1 ). Soils are generally thin and overlie base-poor crystalline bedrock of the Canadian Shield. Twenty of the study lakes are in this ecoregion: five are clustered in carbonate-rich terrain near the city of Grand Rapids (lakes 21-25), five are located within Voyageurs National Park near the Canadian border (lakes 36-40), six are located within the highlands along the north shore of Lake Superior (lakes 26-31), and the remaining four are scattered widely across the Superior National Forest (lakes 32-35) (Fig. 1) .
The NCHF ecoregion is characterized by a mosaic of land uses (Heiskary et al. 1987) . Agricultural and forested use predominates in the west-central portion of the ecoregion, whereas the Metro area in the east is dominated by urban, wetland, and forested areas (Engstrom et al. 1999) . The lakes in this region range from oligotrophic to hypereutrophic (Appendix A, Table A1 ). In contrast with the NLF region, most of these lakes lie in calcareous glacial drift and consequently have high alkalinities. Forty-four percent of the lakes in this ecoregion are considered unsuitable for contact recreation because of low water quality (Minnesota Pollution Control Agency 2000) . Annual evaporation generally exceeds precipitation, and lake levels often fluctuate seasonally and from year to year. Ten of the study lakes are located within this region, and half of these have large, agriculturally dominated watersheds and low water quality. The other five lakes are situated in smaller and more forested catchments and have higher water quality. All but two of the lakes are ringed by summer cottages and year-round homes.
The Metro region is considered part of the NCHF ecoregion but is treated separately here, as many of the lakes are affected by urban land use. Twenty of the study lakes are in this metropolitan area, and approximately half are in urban or residential neighborhoods (within 10 km of the center of either Minneapolis or St. Paul). The other half is in more rural settings with a mixture of current land use, including woodlands, farms, and suburban development.
Agriculture is the primary land use in the WCBP ecoregion, and more than 80% of the land is under cultivation. The five study lakes in this region are large and shallow. As a result of rich soils, shallow lake basins, and runoff from farm fields, most lakes in this region are classified as eutrophic or hypereutrophic (Appendix A, Table A1 ).
Geographic information system (GIS) database
The GIS database for this study contains seven thematic layers in Arc/Info format for each of the 55 watersheds. Each layer is cast in the Universal Transverse Mercator Zone 15 projection with units in metres, the North American Datum 1983 for horizontal reference, and the Global Reference System 1980 as the selected spheroid. Watershed boundaries were initially delineated on U.S. Geological Survey 7.5-minute series topographic quadrangles for each of the study lakes digitized in ArcEdit to form the Basemap cover. The source data for the Transportation cover is the State of Minnesota BaseMap developed by the Minnesota Department of Transportation. The land cover layer contains polygons representing 10 land-use types (grassland, agland, brushland, deciduous forest, conifer forest, mixed forest, open water, wetlands, built up, and clearcut), based on a modified U.S. Geological Survey classification scheme (Anderson et al. 1976 ). These features were interpreted from early-spring 1991-1992 color infrared National Aerial Photography Program photographs. Stereoscopic interpretations were accomplished using an Old Delft scanning stereoscope with a 4.5 magnification setting resulting in an image scale of about 1:9000. Landscape feature classes were digitized using ArcEdit and a U.S. Geological Survey panchromatic digital orthophoto quarter quad as a background image. Approximately 50% of the watersheds in the study were spot field checked for classification accuracy.
Sediment cores, water chemistry analysis, and sample preparation
Sediment cores were obtained in the mid-1990s in conjunction with a study of mercury deposition in Minnesota (Engstrom et al. 1999) . The cores were taken with a piston corer from a deep flat region of each of the lake basins. The cores were sectioned in the field and subsequently freeze dried. A chronology was established with 210 Pb dating using the constant rate of supply model (Appleby and Oldfield 1978) . Based on the 210 Pb chronology and extrapolated sedimentation rates (Engstrom et al. 1999) , samples of 1-5 cm in thickness and representing 2-4 years of accumulation were taken from the core top and from the intervals representing approximately 1750, 1800, and 1970. In the modern samples, at least 400 diatom valves were counted along transects. Three hundred valves were counted in the core sections, or 10 transects, whichever occurred earlier. Krammer and Lange-Bertalot (1986-1991) and Patrick and Reimer (1966) were used to identify diatoms to species. Reconstructions were not performed on seven core samples because of low diatom concentration.
A modern diatom calibration data set developed for Minnesota lakes (Ramstack et al. 2003 ) was used to reconstruct water chemistry characteristics from sedimentary diatom assemblages. Weighted averaging calibration, with inverse deshrinking (Juggins and ter Braak 1992) , was used to generate a transfer function to infer chloride (Cl), color, total phosphorus (TP), and pH from sedimentary assemblages. Each of these variables had a statistically significant influence (p < 0.005) on modern diatom distribution in the calibration data set. The strength of the transfer function is reported in terms of the squared correlation (r 2 ) and the root mean square error (RMSE) ( Table 1) . Because the same data are used to generate the model and test it, the RMSE usually underestimates the RMSE of prediction (RMSEP), and the validation step of jackknifing is used. For each lake, the transfer function was applied to a surface sediment sample representing modern (1995) conditions, a subrecent interval (approximately 1970) , and the 1800 and 1750 core sections. See Ramstack et al. (2003) for additional details on the transfer function development and statistical analyses.
Results
Core diatom assemblages
Presettlement sediments from sites along the North Shore of Lake Superior (NLF ecoregion) are dominated by Aulacoseira ambigua (Grunow) Simonsen and Cyclotella pseudostelligera Hustedt (Fig. 2) , species that are characteristic of oligotrophic to mesotrophic lakes (Hall and Smol 1992; Reavie et al. 1995b ). In some recent samples (1995 and 1970) from this region, Fragilaria construens var. venter (Ehrenberg) Grunow and Asterionella formosa Hassall show small increases relative to Aulacoseira ambigua. Lakes in Voyageurs National Park, as well as the Superior National Forest, are dominated in both recent and presettlement samples by Asterionella formosa, Cyclotella stelligera Cleve and Grunow, and Tabellaria flocculosa (Roth) Kützing; these diatoms have TP optima that are characteristic of mesotrophic systems (Hall and Smol 1992; Reavie et al. 1995a Reavie et al. , 1995b . However, Cyclotella stelligera is much less common in the down-core sections than late twentieth century sections. Fragilaria crotonensis Kitton, which has been associated with nutrient enrichment in lakes of low to moderate alkalinity (Bradbury 1975; Brugam 1979) , is dominant in presettlement core sections from two of the five lakes clustered near Grand Rapids, as compared with four lakes in the modern samples. Stephanodiscus minutulus (Kützing) Cleve and Möller makes up 21% of the diatom assemblage in the 1800 core section from one of these five lakes (Loon) and 10% of the 1750 core section of another (Long). These are the only two samples from the NLF ecoregion in which Stephanodiscus is a significant portion of the diatom assemblage.
In the 11 centrally located lakes of the Metro region (all now highly urbanized), small Stephanodiscus species, which are known to have high P requirements (Bradbury 1975; Fritz et al. 1993; Bennion et al. 1996) , are much less prevalent in presettlement sediments than in the recent samples (Fig. 2 ). In the presettlement core sections, the species assemblages are dominated by Aulacoseira ambigua, Cyclotella bodanica var. lemanica (O. Müller) Bachmann, and Cyclotella michiganiana Skvortzow. In the nine lakes more distant from the urban core, presettlement species assemblages are dominated by Aulacoseira ambigua, Fragilaria brevistriata Grunow, and Fragilaria construens var. venter, whereas Asterionella formosa, Fragilaria crotonensis, and Cyclotella bodanica var. lemanica are more abundant in recent samples.
In what is now the agricultural part of Minnesota, some of the lakes contain presettlement diatom assemblages similar to those of the present day, whereas others are substantially different (Fig. 2) . The 1800 and 1750 core sections of lakes in the WCBP ecoregion are dominated by Aulacoseira ambigua, Aulacoseira granulata (Ehrenberg) Simonsen, and small Stephanodiscus species. The present-day assemblages are similar; however, in a few of the lakes, there are larger percentages of mesotrophic and eutrophic planktonic taxa, including Asterionella formosa, Fragilaria crotonensis, and small Stephanodiscus species in the recent samples, with small declines in benthic Fragilaria species. Lakes in the currently agricultural areas of the NCHF ecoregion are dominated in presettlement times by small Stephanodiscus species, Fragilaria construens var. venter, and Fragilaria pinnata Ehrenberg. The recent samples are dominated by small Stephanodiscus species, Aulacoseira granulata, and Aulacoseira ambigua. In contrast, in currently forested parts of this ecoregion, Fragilaria construens var. venter is present in 1800 and 1750 core sections from the majority of the lakes. Other common diatoms in presettlement levels include Cyclotella bodanica var. lemanica, Aulacoseira ambigua, and Aulacoseira granulata. Note: The strength of the transfer function is reported in terms of the squared correlation (r 2 ), the root mean square error (RMSE) (observed -inferred), and the jackknifing root mean square error (RMSE of prediction) (modified from Ramstack et al. 2003) . 
Water chemistry reconstructions
Reconstructions were made for Cl, pH, color, and TP. The results for the pre-versus post-settlement diatom reconstructions are expressed as the change from 1800 to the present (1995) (Fig. 3) , and change before European settlement is expressed as the change from 1750 to 1800 (Fig. 4) . For Cl, color, and TP, the reconstructions are based on logtransformed modern water chemistry data. Thus, the changes shown are log minus log values, which are expressions of the ratio of change. The RMSEP is used to evaluate the magnitude of water chemistry change. In our discussion of reconstructed water chemistry trends below, we use the term "significant" not in the strict statistical sense but for changes between two periods of time that exceed the RMSEP. Regional water chemistry means are compared for the 1750, 1800, 1970, and modern core sections (Fig. 5 ) (NCHF and WCBP lakes are grouped together because of the similar surficial geology and strong agricultural influence in both regions; variables that were log transformed (Cl, color, and TP) are expressed as back-transformed values).
All of the Metro region lakes show increases in Cl concentrations from 1800 to the present (10 of which exceed the RMSEP). The mean concentration has increased from 6 to 47 ppm, and the range of values has increased considerably (Fig. 5 ). In the NCHF and WCBP ecoregions, four lakes also show an increase in Cl that exceeds the RMSEP, whereas only one lake records a decrease. Overall, the median value for the region has risen. Three lakes in the NLF ecoregion record a significant decrease in Cl.
Lakes in the NLF ecoregion show either a decrease in pH (3 sites) or no significant change since 1800 (Fig. 3) . In the other regions, the majority of lakes record an increase in pH, and only two lakes show a decrease that exceeds the RMSEP (Fig. 3) . Only eight of the study lakes show a change in color since 1800. Regional trends in this variable are not apparent (Fig. 3) , although no lakes in the NLF ecoregion show a significant decrease in color.
TP shows strong regional patterns (Figs. 3 and 5) . Of the 20 Metro region lakes, 12 show increases in diatom-inferred TP between 1800 and today (six exceed the RMSEP); none of the lakes in this region show a significant decrease (Fig. 3) . The average TP concentration for this group of lakes has increased from 23 to 35 ppb since settlement, whereas the range of values has doubled (Fig. 4) . Half of the 15 lakes in agricultural areas of west-central and southern Minnesota show increases in TP from 1800 to the present (three of which exceed the RMSEP); the rest have not shown significant change (Fig. 3) . In contrast, the northeastern lakes show no systematic TP changes from 1800 to the present; about half the lakes show modest declines in TP, whereas the others show modest increases or no change (Fig. 3) . It is also clear from the diatom reconstructions that TP levels in southern and western Minnesota, although currently enhanced by human impacts, have always been higher than those in the northeastern part of the state (Fig. 5) .
Land use and water quality change
GIS characterization of catchment land use for the 55 study lakes follows closely the general pattern for these ecoregions as a whole. The primary catchments of the Metro lakes are dominated by built-up cover types (residential and commercial), those in the NLF by forest (conifer and deciduous), and catchments in the NCHF and WCBP by agriculture (pasture and tillage) (Appendix A, Table A2 ). The median for built up in Metro catchments is 78%, with only two lakes (Schultz and Little Long) having less than 20% of this cover type. By contrast, 14 of the NLF lakes have catchments that are entirely undeveloped (forest or wetland), and five more are more than 80% undeveloped. Among the NCHF and WCBP lakes, 10 catchments exceed 50% agricultural land use and four others have more than 20% of this cover (Appendix A, Table A2 ). In the Metro area, only three lakes (Elmo, Little Carnelian, and Square, all in Washington County) have greater than 20% of their catchments in agriculture, although most lands in the Metro region were intensively farmed at one time.
Diatom-inferred water quality changes between 1800 and the present (numerically represented as the difference between present-day and 1800 values, log transformed except pH) are correlated with catchment land-use patterns within ecoregions (Table 2 ). Reported correlations are based on primary catchment land use (which excludes areas above the outflow from upstream lakes), although results for total catchment land use are quite similar. Among Metro region lakes, increases in TP show significant positive relationships with the percentage of catchment area devoted to built-up cover types (r = 0.54, p = 0.01) and road surfaces (r = 0.49, p = 0.03). Chloride increases are even more strongly correlated with these cover types (built up, r = 0.71, p < 0.01; roads, r = 0.63, p < 0.01). Because built-up areas have more road surfaces, these cover types are highly correlated, and their individual influences on TP and Cl increases cannot be disentangled. Nonetheless, these relationships strongly imply that the magnitude of postsettlement water quality change (TP and Cl) in the Metro region is directly related to the degree of urbanization within individual lake catchments.
Among lakes in the NCHF ecoregion, TP increases are positively correlated with the percentage of catchment devoted to agriculture (r = 0.72, p = 0.02) and conversely with the percentage of catchment remaining in forest cover (r = -0.62, p = 0.06) ( Table 2) . Postsettlement increases in apparent color (dissolved organic carbon (DOC)) are also related to agricultural land use (p = 0.68, p = 0.03). These results provide strong evidence that conversion to agricultural land uses has caused proportional increases in nutrient runoff and historical eutrophication of NCHF lakes. The increases in lake color, although unexpected, may be related to increased export of soil organic matter (possibly enhanced by field application of livestock manure) from catchment areas devoted to tillage agriculture.
In the small group of lakes (n = 5) from the WCBP ecoregion, TP increases are most strongly correlated (although not significantly because of the small sample size) with the percentage of catchment in built-up land uses, primarily lakeshore cottages and homes (r = 0.63, p = 0.3). The weak correlation with agricultural land use (as compared with NCHF lakes) results from the fact that all WCBP catchments are dominated by agriculture (60-90%).
Among the NLF lakes of northeastern Minnesota, diatom reconstructions reveal little if any changes in postsettlement water quality and only weak correlations with present-day catchment land use (Table 2) . These catchments remain al- (1970, 1995) are indicated with solid bars. For each lake, the four dates are arranged in order from oldest at the base to most recent at the top.
Fig. 2 (concluded).
most entirely in an undeveloped state (forest and wetland cover types), and although some have been logged historically (and a few partially farmed), the absence of significant land-use conversion is clearly reflected in the absence of water quality change.
Post-1800 water quality changes also appear to be influenced by geomorphic characteristics of the lakes. In the Metro region, Cl and pH increases were greater in larger (surface area) lakes (r = 0.59 and 0.56, respectively), which is likely related to the fact that only the smaller lakes in this group retain undeveloped (forested) catchments (Table 2) . Among NCHF lakes, those with larger catchment to lake area ratios showed greater increases in TP (r = 0.67, r = 0.03) and Cl (r = 0.63, r = 0.05), presumably because larger catchments are more agricultural than smaller ones among this group of lakes (r = 0.64). In the WCBP, shallower lakes showed larger TP increases (r = -0.72), whereas larger lakes with larger catchments and larger catchment to lake area ratios showed greater increases in pH (r = 0.65-0.69); because of small sample size, none of these relationships are significant. Finally, among the relatively pristine NLF lakes, pH changes are negatively correlated with total catchment area (r = -0.60, p = 0.04). Lakes with smaller catchments tend to be dominated by direct precipitation and have lower buffering capacity and hence may be more susceptible to pH depression from acid rain. Present-day pH and catchment area are correlated (r = 0.44, p = 0.05) among NLF lakes.
Natural variability
Before 1800, Minnesota had not been settled by Europeans; hence, the anthropogenic influence on lake systems was likely extremely low. Therefore, the difference in water chemistry between 1750 and 1800 is a measure of natural variability. This natural variability is expressed as the change from 1750 to 1800, in log units (Fig. 4) , and the regional water chemistry means for these two periods are also compared (Fig. 5) . Among the lakes, only two show a change in Cl that exceeds the RMSEP over the 50-year period between 1750 and 1800; lakes in the NLF ecoregion show the least amount of change in Cl concentration (Fig. 4) . Only six of the study lakes show a significant change in pH over this time, and there are no clear regional trends. Only one lake records a significant shift in color, and there do not appear to be any regional trends in this variable. Similarly, there are no clear regional trends in TP, and only one lake shows a significant change. In terms of nutrient concentrations, the presettlement range of values for both the Metro and NLF lakes is quite small, in contrast with those in the NCHF and WCBP ecoregions (Fig. 5) .
Discussion
The natural environmental gradients that characterize Minnesota are reflected in the diatom assemblages of the individual ecoregions as differences in relative abundances among a suite of about a dozen planktonic taxa. The majority of these taxa are found in lakes throughout the state, albeit in varied proportions; however, several species are more restricted in their distribution. These include Aulacoseira granulate in the south-central and southwestern part of the region, Tabellaria flocculosa and Cyclotella stelligera in the NLF region in the northeast, and small Stephanodiscus species, which are widespread except in the NLF. Human impacts have not only changed the relative abundance of individual taxa within an ecoregion but in some cases have reduced or nearly eliminated some taxa and expanded the range of others. Thus, Cyclotella michiganiana and Cyclotella pseudostelligera, which were abundant in the Metro region before settlement, are now largely absent and Stephanodiscus hantzschii Grunow S. parvus Stoermer & Håkansson has expanded. These floristic changes, which are particularly large in the Metro region, are reflected in the reconstructed water chemistry values for Cl, P, and to some extent pH and color.
Chloride is a conservative ion, and changes in concentration can result from evaporative concentration or dilution driven by differences in precipitation relative to evaporation. However, an increase in Cl also can occur because of the seepage of road salts into lake basins. Little natural variation in Cl occurs in these Minnesota lakes over this time scale, particularly for the NLF and Metro regions. In the NLF ecoregion, precipitation exceeds evaporation, and thus the lakes are not very affected by evaporative concentration. In contrast, in the agricultural ecoregions of NCHF and WCBP, where on average precipitation is lower and evaporation is higher, evaporative enrichment between 1750 and 1800 may have increased ionic concentration. Although these increases are not individually significant, the trend for the group as a whole is (paired t test, t = 2.16, p < 0.05). Since European settlement, however, prominent and statistically significant changes are evident. All of the lakes in the Metro region, and some in the agricultural regions, have recorded an increase in Cl. The average Cl value for the metro group of lakes has risen by an order of magnitude, a change that is highly significant (paired t test, t = 7.03, p < 0.0001). It seems likely that this strong directional signal between the modern and presettlement conditions is a result of the seepage of road salts into the lakes and possibly leakage from septic systems in outlying areas. Increased concentrations of road salts have also been observed in lakes in some parts of the northeastern United States (Dixit et al. 1999; Siver et al. 1999) .
Regional trends in pH do occur, although they are less distinct than for some other variables. The majority of decreases in pH since settlement are in the NLF ecoregion. These lakes have a low buffering capacity, making them susceptible to acidification by acid rain; however, only three lakes showed a significant decrease in pH since settlement. These results are consistent with conclusions from the PIRLA project (Paleoecological Investigation of Recent Lake Acidification; Kingston et al. 1990 ), which included three lakes from the NLF ecoregion and found changes in diatom-inferred pH since 1860 of less than 0.2 pH unit. The one lake in this region that records a significant increase in pH between 1750 and 1800 is situated in more carbonaterich terrain near the city of Grand Rapids. Increases in pH exceed the RMSEP in nine Metro region lakes and four agricultural region lakes, although the overall change for each region is not statistically significant (paired t test, p = 0.06 and 0.15, respectively). These pH increases probably reflect higher levels of algal productivity (caused by nutrient enrichment), which can raise pH by photosynthetic uptake of CO 2 (Hodell et al. 1998) . Changes in water color (DOC) can result from changes in vegetation and soils (Schindler et al. 1996; Williamson et al. 1999) or photobleaching of DOC (Osburn et al. 2001) , induced by either natural or anthropogenic factors. Only eight lakes have changed significantly in color since 1800. The largest postsettlement changes are in the NLF ecoregion, where the coniferous vegetation and peaty soils contribute to regionally high DOC levels. However, the apparent increase in mean regional water color (1800 to the present) is not regionally significant (paired t test, t = 1.83, p = 0.8), and a similar variability in water color is apparent between 1750 and 1800. Such results imply that modern land-use practices are not significantly altering the DOC content of these lakes and that the majority of change is a result of natural variation in vegetation and climate.
Natural changes in vegetation, soils, and climate can alter nutrient concentrations in lakes (Fritz 1996; Kilham et al. 1996) , as can a variety of anthropogenic activities. Only one lake shows a significant change in TP between 1750 and 1800, and no regional trends are apparent. However, very clear trends occur from presettlement to the present, in terms of both mean TP concentrations and the range of variation. There is no directional change in TP since 1800 in the NLF ecoregion, but large increases (exceeding the RMSEP) occur in the other ecoregions. The increase in TP is highly significant in the Metro group of lakes (paired t test, t = 3.39, p < 0.01) but not so in the agricultural regions (NCHF and WCBP combined: paired t test, t = 1.29, p = 0.22). The clear trends among ecoregions since settlement (and the lack of those trends from 1750 to 1800) are a strong indication that modern land-use practices have had significant effects on the trophic status of these aquatic systems. Although the NLF ecoregion is the most pristine in this study, there are local impacts such as cottaging (Hall and Smol 1996) and logging, both historic and recent (Fritz et al. 1993) , that have the potential to increase P loading to these systems. However, these influences appear to have been relatively minor on average, as there has been very little change in the TP levels of NLF lakes since European settlement.
A noticeable increase in small Stephanodiscus species that have high P optima (Bradbury 1975; Fritz et al. 1993; Bennion et al. 1996) occurs in the postsettlement core sections of most Metro region lakes. Although many of these lakes have been the targets of cleanup efforts over the past few decades, most are more nutrient rich today than before settlement. Nonetheless, of the six lakes in the Metro region that show increases in TP since 1800 that exceed the RMSEP (and would be classified today as eutrophic to hypereutrophic), three of these were eutrophic in 1800, based on these reconstructions. This is not to say that cleanup efforts should not continue, but an awareness of baseline conditions for these lakes could be used to better inform management goals for restoration.
By reconstructing water chemistry conditions before European settlement in a suite of lakes in regions with different land-use histories, it is possible to begin to evaluate the amount of change that can be attributed to anthropogenic influences. These data also contribute to an understanding of to what degree the changes reflect natural variability and how much and what types of change are actually related to current land-use practices. Overall, it seems that increases in Table 2 . Correlations between changes in diatom-inferred water quality variables (1800 to present day) and geomorphic and land-use characteristics of the study lakes.
Cl and TP in the urban and agricultural regions have been primarily due to human impacts via the seepage of road salts into lake basins and the runoff of nutrients from agricultural and urbanized areas. Indeed, increases in Cl (from presettlement to modern) in Metro region lakes are most strongly correlated with the percentage of watershed area devoted to residential or commercial land use (r = 0.71) and road surfaces (r = 0.63), whereas TP increases show significant correlation with the percentage of watershed area presently in built-up (residential or commercial) land use (r = 0.54). Likewise, TP increases among non-Metro lakes of the NCHF are most strongly correlated with the proportion of watershed devoted to agriculture (r = 0.72). The analysis of presettlement conditions allows recent limnological changes to be viewed in the context of variation over a longer period of time. Although Cl concentration has increased in some urban lakes since 1970 (Ramstack et al. 2003) , it is clear that the largest increase predates 1970. Similarly, although TP concentrations have changed in recent decades in lakes in both urban and agricultural areas of the state (Ramstack et al. 2003) , a much larger change occurred sometime between regional settlement and 1970.
The data also suggest that in addition to changing average regional conditions, human activities also have affected the range of limnological variation. The range of presettlement variation in TP and Cl appears to be greater in agricultural parts of the state than in the lakes of the Metro region where native vegetation was originally deciduous forest. However, human impacts appear to have increased the range of variation in the urban areas of the Metro region, particularly with respect to nutrients.
In terms of changes in pH, anthropogenic influences may be causing a decline in a small number of particularly sensitive lakes with a naturally low buffering capacity, but on a population basis, these trends are not regionally significant. An increase in pH is evident in some Metro region and agricultural lakes, likely the result of eutrophication. Color is the one variable measured here that does not seem to have been significantly affected by post-European land-use practices, and any fluctuations in water color since settlement appear to be due to natural changes in vegetation and soils within the watersheds. Table A1 . Location and water quality characteristics of the study lakes (modified from Engstrom et al. 1999 Table A2 . Geomorphic and land-use characteristics of the study lakes (modified from Engstrom et al. 1999 ).
